A meta-analysis of the literature shows that in adult male songbirds, brain mass, telencephalon volume and n. rotundus (a thalamic visual nucleus) volume increase from the nonbreeding season (low testosterone) to the breeding season (higher testosterone). These effects can at least partially be mimicked by photoperiod manipulations in captivity. In contrast, an artificial testosterone (T) titer increase by chronic implants yields the opposite results: telencephalon, n. rotundus, and n. pretectalis volumes are lower in T-treated animals than in controls. These results suggest that artificial testosterone manipulations do not necessarily mimic the effects of natural variations in hormone levels and that results from experiments using T implants to mimic natural hormonal effects should be interpreted with caution. © 2002 Elsevier Science (USA) Key Words: song system; avian hippocampus; brain mass; androgens; corticosteroids; telencephalon; n. rotundus; n. pretectalis; n. spiriformis medialis; oscines.
Much research has been directed toward understanding seasonal behaviors and the associated seasonal changes in the underlying neuroanatomy in birds. This research includes such behaviors as foodhoarding, nest-searching in brood parasites, and singing (e.g., Barnea and Nottebohm, 1994; Brenowitz, Baptista, Lent, and Wingfield, 1998; Clayton, Reboreda, and Kacelnik, 1997; Nottebohm, 1981; Smith, Brenowitz, Beecher, and Wingfield, 1997a; Smulders, Sasson, and Devoogd, 1995; Smulders, Shiflett, Sperling, and DeVoogd, 2000b; . Nuclei of the song system, which control learning and production of song in oscine songbirds, often are larger during the breeding season than during the nonbreeding season (Bernard and Ball, 1995; Brenowitz et al., 1998; Nottebohm, 1981; Smith, Brenowitz, Wingfield, and Baptista, 1995) . This variation is partly due to the rise in testosterone during the breeding season, but other photoperiodically regulated factors (e.g., melatonin and possibly thyroid hormone; recently reviewed by also contribute Bernard, Wilson, and Ball, 1997; Dloniak and Deviche, 2001; Smith, Brenowitz, and Wingfield, 1997b; Whitfield-Rucker and Cassone, 2000) . The hippocampal formation in birds also changes seasonally, and this seems to be related to a seasonal need for better spatial memory. In food-hoarding birds, it is larger during the hoarding season than during the rest of the year (Smulders et al., 1995) . In brood-parasitic cowbirds, the hippocampal formation is larger during the breeding season, but only in the sex(es) that actively looks for host nests (Clayton et al., 1997) . In this system, the underlying mechanisms have not yet been studied in detail.
When investigating changes in neuroanatomy, especially brain region volumes, it is usually necessary to also measure control areas: regions of the brain that are not expected to vary as a result of the experimental manipulation or condition. Typical control measures are the volume of the entire telencephalon, or some variant such as total brain mass or telencephalon width, as well as the volumes of small, easily delineated nontelencephalic nuclei. Sometimes significant differences have also been found in these control regions (e.g., Brenowitz et al., 1998; Kirn, Clower, Kroodsma, and DeVoogd, 1989; Nottebohm, 1981; Smulders, Casto, Nolan, Ketterson, and DeVoogd, 2000a) . Most often, these differences are assumed to be "nonspecific background variation" and are con-trolled for statistically when investigating the differences in the areas under study.
In this paper, I investigate the changes in the most commonly used control regions in songbird neurobiology using the quantitative review techniques of meta-analysis (Bishop and Wahlsten, 1997; Wolf, 1986) . One of the common problems with meta-analyses is the "publication bias:" it is difficult to find negative results in the literature because it is difficult to publish negative results (Wolf, 1986) . This is not a problem in the current investigation, however, since the regions under investigation were not the primary targets of the original papers. Therefore, any consistent and significant patterns across studies would be especially meaningful. The regions that are included in this analysis are whole brain mass and the volumes of the entire telencephalon (Tel), nucleus rotundus (Rt) (a thalamic visual nucleus), nucleus pretectalis (Pt) (a thalamic visual nucleus), and nucleus spiriformis medialis (SpM) (a thalamic sensorimotor nucleus). Whereas several parts of the Tel contain androgen receptors, no androgen receptors have been described in any of the thalamic nuclei under investigation in this paper (Balthazart, Foidart, Wilson, and Ball, 1992; Nastiuk and Clayton, 1995) .
METHODS

Data Collection
I searched the literature for studies that measured volumes of brain structures in male songbirds in the context of seasonal variation. These included seasonal changes in the field, photoperiod manipulations in captivity, and direct testosterone manipulations. I then selected those studies that reported measurements of brain mass (usually referred to as "brain weight"), telencephalon volume or width, nucleus pretectalis volume, nucleus spiriformis medialis volume, and/or nucleus rotundus volume in male songbirds. If a study included males and females together in an analysis, only the data from males were used. When the relevant comparison was not made in the original analyses, I performed t tests on the data as presented in tables (or in one case in the figures; Arai, Taniguchi, and Saito, 1989) . Several authors provided me with raw data when the relevant data could not be extracted from the published articles (see Acknowledgments). One study used only the volume of the Tel at the level of HVC (one of the song system nuclei which in that study was shown to increase volume dramatically from fall to spring conditions) as its Tel measure (Nottebohm, 1981) . Because HVC was included in this volume, its influence on any observed seasonal changes could be significant. Therefore, I statistically excluded HVC volume from this measurement (Table 2) . Birds whose photoperiod was manipulated in captivity, but that were allowed to become photorefractory on long days (e.g., Bernard and Ball, 1995; Gulledge and Deviche, 1998) , were not included in my analyses, in order not to complicate the interpretation of the results. Birds who underwent a photoperiod manipulation in combination with T (testosterone) implants were classified as T-implanted birds Smith et al., 1995) . Studies in which photoperiod manipulations were performed on castrated birds (Dloniak and Deviche, 2001; Smith et al., 1997b) were not included in the data on captive photoperiod manipulation (Table 2) . These same two studies also investigated the effect of T implants in the castrated birds, and the appropriate groups were therefore included in Table 3 .
Data Analysis
I used Stouffer's method for combining hypothesis tests (Wolf, 1986) . First, I tabulated the P values associated with the relevant comparisons and the directions of all differences, whether they were statistically significant or not. Then, all two-tailed P values were transformed to one-tailed P values in the most commonly occurring direction of the difference for that structure. These P values were then transformed to the corresponding Z scores using the inverse function of a Gaussian distribution. Stouffer's Z c was then calculated as
where z i represents the individual z value for each study included in the analysis, and N is the total number of studies included. The one-tailed P value (P c ) resulting from this combined Z score is then used as an indicator of the significance of the effect across all the tests of the same hypothesis. Effects are considered significant if P c Ͻ 0.05. In addition, I calculated a common metric for the effect size (d) for each study (whether significant or not) as the difference between two groups as measured in units of standard deviations (SD). Effect size can easily be calculated when one knows either the t or the F statistic resulting from the comparison between two groups, as well as the degrees of freedom (df ) of that comparison. This is done as (Wolf, 1986) 
The mean effect size for a given comparison gives us the magnitude (in SD units) of the observed effect. Table 1 represents all the studies from which I obtained data on seasonal changes in male songbirds. Birds collected during the breeding season have brains that are on average 1.05 (Ϯ 0.42 (SEM)) SD heavier (i.e., brain mass is larger) than those of birds collected in the nonbreeding season (Z c ϭ Ϫ3.547, P c ϭ 0.0002). Black-capped chickadees are seasonal food hoarders, which have a larger hippocampal formation (HF) (Smulders et al., 1995) and septum (Shifflett, Gould-Beierle, Smulders, and DeVoogd, unpublished data) in the fall. These structures (and possibly other associated structures) make up a large part of the brain and this would definitely influence total brain size. Without this species in the analysis, the result is even more clear (d ϭ 1.25 Ϯ 0.46 (SEM), Z c ϭ Ϫ3.839, P c ϭ 0.0001). When all studies are considered together, Tel size is not different between the breeding and the nonbreeding seasons (d ϭ 0.18 Ϯ 0.34 (SEM), Z c ϭ Ϫ0.667, P c ϭ 0.252). Without the food-hoarding species, the result comes closer to a significant difference (d ϭ 0.36 Ϯ 0.34 (SEM), Z c ϭ Ϫ1.289, P c ϭ 0.099). In addition, this analysis includes studies in which the whole Tel volume was calculated as well as ones in which only the Tel width was measured. When I repeat the analysis with the latter studies also excluded, the difference is significant (d ϭ 0.57 Ϯ 0.41 (SEM), Z c ϭ Ϫ1.83, P c ϭ 0.033). Rt is also larger during the breeding season than during the nonbreeding season (d ϭ 0.43 Ϯ 0.37 (SEM), Z c ϭ Ϫ1.704, P c ϭ 0.044). Again I also ran the analysis without the food-hoarding black-capped chickadees, and the re- Table 2 represents the studies that addressed the effects of photoperiod manipulation in captivity. Brains of captive birds in breeding condition are heavier than those of birds in nonbreeding condition (d ϭ 1.07 Ϯ 0.55 (SEM), Z c ϭ Ϫ3.60, P c ϭ 0.0002). Telencephalon volume and n. rotundus volume seem also to be larger in birds in breeding condition (Tel, d ϭ 1.57 Ϯ 1.06 (SEM), Z c ϭ Ϫ3.436, P c ϭ 0.0003; Rt, d ϭ 0.72 Ϯ 0.66 (SEM), Z c ϭ Ϫ1.877, P c ϭ 0.03), but this effect is completely carried by one study, which did not measure total telencephalon volume, but only the volume of a caudal section of the telencephalon. These results should therefore be interpreted with caution (see Discussion). Nucleus pretectalis is also larger in birds in breeding condition (d ϭ 1.00 Ϯ 0.60 (SEM), Z c ϭ Ϫ2.35, P c ϭ 0.009). SpM volume did not differ significantly between the two conditions (d ϭ 0.20 Ϯ 0.38 (SEM), Z c ϭ Ϫ1.247, P c ϭ 0.106). Table 3 represents the studies that provided data on the effects of chronic T treatment on the different brain areas of interest. Brain mass does not consistently differ between T-treated and control birds (d ϭ 0.04 Ϯ 0.25 (SEM), Z c ϭ Ϫ0.395, P c ϭ 0.346). However, Tel, Rt, and Pt sizes are all significantly smaller in T-treated birds (Tel, 
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.87, P c ϭ 0.031). For SpM, there was only one study available with relevant data, which shows a nonsignificant difference, but in the same direction as the other comparisons.
DISCUSSION
Natural increases in T, such as occur during the breeding season, have different effects on brain anatomy than chronically elevated T levels, caused by implants. Natural breeding conditions increase brain mass, the volumes of the entire telencephalon and n. Soma, Hartman, Wingfield, and Brenowitz, 1999. rotundus and in captivity the volume of n. pretectalis as well, while an artificial chronic increase in T decreases the volumes of the entire telencephalon and of n. rotundus, and n. pretectalis. These opposite effects of increases in testosterone caused by natural and artificial photoperiod changes on the one hand and by T implants on the other hand are surprising and have important implications for the manipulation of steroid hormones as a substitute for seasonal variation.
Meta-Analysis and Interstudy Variability
It should be clear to anybody who scrutinizes the tables that the effects described in this paper are not always robust and consistent between studies. If this were the case, they would have been noticed long ago and performing a meta-analysis would have been a superfluous exercise. Nobody will deny that every study has its idiosyncrasies which are never the same from study to study, even when performed on the same species by the same investigators (see, for example, the dark-eyed junco telencephalon data from Deviche and Gulledge in Table 1 ; Deviche and Gulledge, 2000; Gulledge and Deviche, 1997) . Nevertheless, across all this "noise," some patterns do emerge. Such patterns are a combination of a majority of (nonsignificant) differences all in the same direction and of the fact that those differences that are significant are also always in that same direction. Since the significance of a result largely reflects the statistical power of the Kirn et al., 1989 . g Nottebohm, 1981 . h Tramontin, Wingfield, and Brenowitz, 1999. analysis to detect an effect of a certain size, finding many nonsignificant differences in the same direction most likely means that the effect is small, but real. The consistency of direction of differences between different brain structures within a type of manipulation adds to the reliability of the observed patterns. Therefore, even though there are probably many other factors which influence the sizes of the different brain structures (including possible species differences), some consistent patterns are emerging from the current literature. These patterns serve best to guide future experimental research, both to verify the patterns and to elucidate the mechanisms underlying them.
Seasonal Changes in Brain Mass
In all the studies taking birds from the wild, and in all but one of the studies manipulating breeding condition in captivity, birds in breeding condition had heavier brains than bird in nonbreeding condition. Across all the studies, the meta-analysis pulled this out as a significant effect both for natural breeding Tramontin, Hartman, and Brenowitz, 2000. conditions and breeding conditions in captive birds. There was no consistent difference in brain mass between T-treated and control birds. Seasonal changes in total brain size, either measured directly through weighing or as skull content, have been described not only in birds (as shown in the current review), but also in many small mammals. Dehnel (1949) first described seasonal changes in skull size in the common shrew (Sorex araneus), a discovery that was followed up on and expanded by several other researchers (Bielak and Pucek, 1960; Pucek, 1963 Pucek, , 1965 . In addition to shrews, small rodents (voles, Yaskin, 1984) , and carnivores (ferrets, Weiler, 1992 ; and possibly minks, Kruska, 1993) have also been found to have seasonally changing brain sizes. In the shrews, the change in brain size is even accompanied by a remodeling of the skull surrounding the brain (Pucek, 1957) . In the mammalian studies, the change in brain mass has been determined to be both a change in water content and a change in lipids and other components left over after dehydration (Pucek, 1965; Yaskin, 1984) . In birds too, it is likely that at least part of the increase in brain mass during the breeding season is the result of increased water content. Evidence for this comes from the fact that most studies from which we collected data used perfusion-fixed brains, which were then cut on a freezing microtome or on a cryostat. For this procedure, brains are typically cryoprotected by immersion in a high concentration of sucrose (typically 20 -30%). Such a high osmolarity solution will, in addition to adding sucrose to the tissue (which cryoprotects it), equalize the total osmolarity inside and outside the tissue. If the tissue osmolarity is lower in the breeding season (i.e., if there is more water relative to solutes in the brain tissue), the brains should lose more water (i.e., more weight) when immersed in sucrose if collected during the breeding season than during the nonbreeding season. This is exactly what we found in two independent data sets: one from black-capped chickadees (Smulders et al., 1995 (Smulders et al., , 2000b and one from dark-eyed juncos (Deviche and Gulledge, 2000) . In both cases, during the breeding season, immersion in sucrose resulted in a significant decrease in brain weight, while during the nonbreeding season, the change was much smaller (Fig. 1) .
It is unclear at present which mechanism could be responsible for this increase in water content in brains during the breeding season. Since it occurs in both males and females, as evidenced in Fig. 1 , it is unlikely to be a direct and specific effect of testosterone alone. In addition, data from Dloniak and Deviche (2001) show that brain mass in castrated birds also decreases significantly after a long period on long days (i.e., in photorefractory birds), again ruling out a direct effect of testosterone (Fig. 2) . In many birds (both male and female), corticosterone is also higher during the breeding season (Astheimer, Buttemer, and Wingfield, 1995; Elekonich and Wingfield, 2000 ; Wada, Shimizu, Koba-
FIG. 1. Change in brain mass as a consequence of cryoprotection.
The percentage (ϮSEM) change in brain mass before and after immersion in a 30% sucrose solution for several days is plotted against the time of year when the brains were collected and processed. (A) Brains from adult black-capped chickadees (male and female) from upstate New York, captured at five different times across the year. A repeated measures ANOVA with brain mass before and after immersion as the within subject factor and sex and season as between-subjects factors showed a significant interaction between immersion and season (F(4, 20) ϭ 10.174, P ϭ 0.0001). Unpublished data from the same data set as that of Smulders et al. (1995) . (B) Brains from adult dark-eyed juncos (male and female) from Alaska, sacrificed during either the breeding season or the nonbreeding season. A repeated measures ANOVA with brain mass before and after immersion as the within subject factor and sex and season as between-subjects factors showed a significant interaction between immersion and season (F(1, 32) ϭ 47.558, P Ͻ 0.0001). Unpublished data from the same data set as that of Deviche and Gulledge (2000) . yashi, Yatani, Sandaiji, Tshikawa, and Takemure, 1999). Mineralocorticoid receptors, which regulate water retention in the kidney, have an affinity for corticosterone as well (Ganong, 1991) . In addition, corticosterone upregulates the uptake of myoinositol (a cellular regulator of osmotic pressure) in astrocytes from rat telencephalic tissue (Lubrich, Spleiss, Gebicke-Haerter, and van Calker, 2000) , which could result in higher water retention in the brain. Whether these mechanisms are indeed involved in the observed seasonal variation remains pure speculation at present.
Seasonal Changes in Brain Volumes
The volumes of the entire telencephalon and n. rotundus are larger during the breeding season than during the nonbreeding season. A trend toward the same effect is obtained when manipulating photoperiod in captivity. However, for rotundus and telencephalon, this trend is predominantly based on the results of one study, which did not use total telencephalon volume, but caudal Tel volume (Nottebohm, 1981) . The n. pretectalis is also significantly larger in breeding than in nonbreeding birds in captivity (but not so in wild-caught birds).
The possible differences we see between captive and wild-caught birds could be due to the small number of studies included in each table. When many more studies become available, the results should then become more reliable. It is also possible that they reflect real differences in the response of brains to captive conditions vs free-living conditions. Differences between seasonal changes in the field and photoperiod changes in captivity have been reported in the literature before, but their direction differs from study to study. Smith (1996) found that testosterone titers in captive rufoussided towhees (Pipilo erithrophthalmus) on short days did not drop as low as those in wild-caught conspecifics under similar photoperiod conditions. The song structures consequently also did not regress as much in the captive birds as in the wild-caught ones. Kirn et al. (1989) on the other hand found larger changes in the song systems of captive red-winged blackbirds (Agelaius phoeniceus) than in those of wild-caught individuals. They explained this result by the fact that the short-day (fall) wild-caught birds were caught earlier in the season than mimicked by the photoperiod manipulations of the captive birds. Whether captive photoperiod manipulations faithfully mimic natural conditions or not, both types of data suggest an increase in the volumes of certain brain structures outside of the song system during the breeding season.
Since by the time these volumes were measured, possible differences in osmolarity (i.e., water content, as discussed above) have been eliminated, this volume difference must represent a difference in either cell number or cell size (these can include neurons, glia, and vasculature). There is some evidence to suggest that the neostriatum adjacent to HVC has a seasonal pattern of neuronal recruitment similar to that of HVC itself . In mammals as well, seasonal differences in neurogenesis have been described (Huang, Devries, and Bittman, 1998) . The effect does not seem restricted to just the telencephalon (of which the neostriatum is a part), in either birds or mammals. The current review suggests that it is also found at least in the volumes of Rt and possibly Pt, both avian thalamic nuclei. Huang et al. (1998) also found seasonal changes in neurogenesis in thalamic, hypothalamic, and brainstem nuclei in golden hamsters (Mesocricetus auratus). Because changes take place in several nontelencephalic areas as well, it is unlikely that the seasonal variation in Tel volume in birds is due solely to the changes in the song system, which is part of the Tel (Brenowitz et al., 1998; Gulledge and Deviche, 1997; Kirn et al., 1989; Li, Fu, and Zhang, 1996; Nottebohm, 1981; Smith, 1996; Smith et al., 1997a) . In addition, the absolute changes in the song system are too small to cause the observed effects of an on average 1 2 SD increase in total Tel volume. Rt and Pt are thalamic parts of the avian visual system (Gamlin, Reiner, Keyser, Brecha, and Karten, FIG. 2. Change in brain mass in castrated adult male dark-eyed juncos with changing photoperiodic condition. Brain mass is significantly lower in photorefractory birds (P-Ref.) than in either photosensitive (P-Sens.) or photostimulated (P-Stim.) birds (F(2, 45) ϭ 98.93, P Ͻ 0.0001), and this effect is independent of T treatment (T treatment, F(1, 45) ϭ 0.404, P ϭ 0.53; interaction, F(2, 45) ϭ 1.90, P ϭ 0.16). Unpublished data from the same data set as that of Dloniak and Deviche (2001). 1996; Karten and Revzin, 1966) . The visual system also constitutes a large part of the telencephalon. It is therefore possible that the seasonal changes we observe are specific to the visual system. There are no reports of androgen receptors in either Rt or Pt, making a direct effect of testosterone unlikely (see also below). The avian visual system does express receptors for melatonin (Cassone, Brooks, and Kelm, 1995; Cozzi, Stankov, Vigletti-Panzica, Capsomi, Aste, Lucini, Fraschini, and Panzica, 1993; Gahr and Kosar, 1996; Whitfield-Rucker and Cassone, 1996) , which is released during the dark part of the circadian cycle. During the fall, when nights are longer, the brain is exposed to melatonin for longer periods of time, and this exposure is known to decrease the volume of the song system (Bentley, Van't Hof, and Ball, 1999) . However, Bentley et al. (1999) did not find any evidence for an effect of melatonin treatment on Rt or Pt. Exactly which brain systems are affected and by which mechanism(s) therefore remains unclear at present.
From a functional point of view, an increase in cellular matter in the breeding season (and therefore a decrease in the nonbreeding season) could be a mechanism to reduce the cost of maintaining energetically expensive brain tissue during times of the year when energy is scarce. Yaskin (1984) (as well as other authors) has argued that since the brain uses a large proportion of the energy in the body, relative to the proportion of body size it represents, it may be costly to maintain throughout periods of scarcity. The question therefore may not be whether it is more expensive to break down and rebuild part of the brain each year, but rather when the organism can afford to pay the cost of either maintenance or rebuilding. It is of course also possible that the observed changes are not adaptive at all, but an epiphenomenon without any significant evolutionary cost. To my knowledge, no serious research into either of these two possibilities has been conducted to date.
Chronic Testosterone and Brain Volumes
Treatment of male birds (whether castrated or intact) with testosterone mimics certain effects of a natural breeding season: males will sing more, perform other behaviors related to mating or mate attraction (e.g., De Ridder, Pinxten, and Eens, 2000; Ketterson, Nolan, Wolf, and Ziegenfus, 1992; Nowicki and Ball, 1989; Schoech, Ketterson, Nolan, Sharp, and Buntin, 1998; Wingfield, Jacobs, and Hillgarth, 1997) , and their song system nuclei increase in size (e.g., Dloniak and Deviche, 2001; Gulledge and Deviche, 1997; Nottebohm, 1980; Smith et al., 1997b) . It was therefore surprising to find that in those same T-treated birds, Tel, Rt, and Pt volumes decreased. This is the opposite effect from what was found in these same areas during normal seasonal variation, even though males in breeding condition also have high T titers (Brenowitz et al., 1998; Deviche and Gulledge, 2000; Gulledge and Deviche, 1997; Nottebohm, 1981; Smith, 1996; Smith et al., 1997a) .
One major difference between natural changes in T titers and those obtained by implants is that in the natural situation, many other molecules are regulated seasonally as well. Other hormones also vary seasonally (e.g., Silverin, 1991; Silverin and Goldsmith, 1997; Silverin, Kikuchi, and Ishii, 1997; Silverin, Kikuchi, and Ishii, 1999; Silverin, Viebke, Westin, and Scanes, 1989; Silverin, Viebke, and Westin, 1986) , as do hormone-processing enzymes. These complex endocrinological environments may not be recreated by simple T treatment. In particular, the three main enzymes which act on testosterone (aromatase, 5␣-reductase, and 5␤-reductase) all vary in complex ways throughout the breeding season and beyond, with different temporal patterns in different brain areas (Foidart, Silverin, Baillien, Harada, and Balthazart, 1998; Fusani, Van't Hof, Hutchison, and Gahr, 2000; Lea and Armstrong, 1986; Silverin and Deviche, 1991; Soma, Bindra, Gee, Wingfield, and Schlinger, 1999) . It is possible that in natural circumstances, these enzymes can clear the testosterone from certain parts of the brain by transforming them into other (either active or nonactive) steroid hormones (Schlinger, 1997) . In cultured telencephalic cells, high concentrations of T decrease aromatase activity (Freking, Ramachandran, and Schlinger, 1998) . In vivo, however, T treatment seems to increase aromatase activity, at least in diencephalic steroid-sensitive areas (Vockel, Prove, and Balthazart, 1990 ; reviewed by Balthazart, 1997) . Whether this is similar to what happens with natural variation in hormones remains to be determined.
The other major difference between natural and artificial increases in testosterone is that natural titers are typically lower than the amounts found in chronically T-treated birds Deviche, 1997, 1998; Smith et al., 1995 Smith et al., , 1997b Smulders et al., 2000a; Tramontin, Hartman, and Brenowitz, 2000) . Chronic T treatment typically targets the high end of the natural range in T titers and maintains this for much longer than would usually be found in naturally regulated titers Ketterson and Nolan, 1999) . It could be that the difference between the effects of naturally varying and artificially increased T titers is one of level and duration of exposure to testosterone. showed that the Tel of T-treated white-crowned sparrows became progressively smaller 7 days and 2 weeks after T implant. This strongly suggests that the chronic nature of the exposure in T-implanted birds is an important factor in its effect on brain size. Correlations across studies between effect size and (average) length of exposure to testosterone were nonsignificant for both Tel and Rt, although both were in the predicted direction (Tel, r ϭ 0.08 (n ϭ 5); Rt, r ϭ 0.57 (n ϭ 6)).
In several studies, T supplementation also resulted in an increase in corticosterone (Evans, Goldsmith, and Norris, 2000; Ketterson, Nolan, Wolf, Ziegenfus, Dufty, Ball, and Johnsen, 1991; Klukowski, Cawthorn, Ketterson, and Nolan, 1997; Schoech, Ketterson, and Nolan, 1999) . The observed decrease in brain volumes caused by chronic T treatment could therefore be directly related either to the exposure to chronically high levels of T or to the accompanying increase in corticosteroid levels. Whereas most reports in the literature of androgen effects on neural tissue are of increases in volumes or cell morphology (e.g., Goldstein, Kurz, and Sengelaub, 1990; Nottebohm, 1980) , corticosteroids can cause atrophy of neural tissue. Adrenalectomy in developing rats induces brain growth, while corticosterone replacement suppresses this effect (Devenport, Dallas, Carpenter, and Renner, 1992; Devenport and Devenport, 1985) . Neurogenesis in the adult rat dentate gyrus is suppressed by corticosteroids and chronic exposure to stress or corticosteroids leads to dendritic atrophy in hippocampal pyramidal neurons (reviewed by McEwen, 1999) . Corticosterone also makes neurons more susceptible to damage by other agents, such as excitotoxins (Cho, Little, Shin, and Suh, 1998; Nitta, Ohmiya, Sometani, Itoh, Nomoto, Furukawa, and Furukawa, 1999; Sapolsky, 1985a,b; Sapolsky, Krey, and McEwen, 1985) . Given all these known effects of corticosteroids, it is possible that the observed effects of chronic T treatment are in effect the consequence of the accompanying rise in glucocorticoids. The distribution of glucocorticoid receptors in the quail brain does not include any of the areas under investigation here (Kovacs, Westphal, and Peczely, 1989) . However, the distribution has not yet been studied in songbird brains.
It is surprising that even though the effect of T treatment on Tel volume seems clear, there is no significant effect on total brain mass (as there was in the seasonal studies). Probably, this difference is due to the higher sensitivity of volume measures, as opposed to mass measures, which are more prone to introduced "noise," due to how wet the brain was at the time it was weighed. Alternatively, the discrepancy could be a consequence of small sample sizes in the meta-analysis, which would resolve itself when more studies become available.
Implications for Studies of Steroid-Sensitive Processes
Testosterone treatment is an often-used technique to elucidate the effects of testosterone under natural conditions in many vertebrates, not just birds. Testosterone titers have been manipulated to mimic developmental processes (e.g., Roof, 1993 (rats) ; Grisham and Arnold, 1995 (songbirds) ), sexual dimorphism (e.g., Boehm, Lazarus, and Aron, 1991 (rats) ; Nottebohm, 1980 (songbirds) ; Dulka and Maler, 1994 (electric fish)), and variation during the adult lifetime of an individual (e.g., van Breda, Keizer, Geurten, van Kranenburg, Menheere, Kuipers, and Glatz, 1993 (rats) ; any study in Table 3 (songbirds)). The results from the current meta-analysis should serve as a general warning that artificial increases of one hormone, without the concerted changes in the rest of the physiology that naturally would take place when that one hormone increases, could result in effects different from those that would be obtained in the natural situation. And sometimes the natural situation is not what we think it is. For example, Tramontin, Perfito, Wingfield, and Brenowitz (2001) recently showed that song system nuclei in free-living song sparrows (Melospiza melodia) increase to their full breeding volume long before testosterone levels have reached their peak. Therefore, artificial administration of peak levels of testosterone to increase song system volumes (as is commonly used) may not mimic the natural process of seasonal song system growth. Studies using T treatment to influence behavioral traits (e.g., Chandler, Ketterson, and Nolan, 1997; Chandler, Ketterson, Nolan, and Ziegenfus, 1994; Hunt, Hahn, and Wingfield, 1997; Klukowski et al., 1997; Raouf, Parker, Ketterson, Nolan, and Ziegenfus, 1997; Schoech et al., 1998 Schoech et al., , 1999 Searcy and Wingfield, 1980; Titus, Ketterson, and Nolan, 1997 ) should also be aware of possible unwanted or unexpected effects of the treatment on nonsteroidsensitive brain structures. It is unclear at this point what the behavioral implications of these changes in brain region volumes could be.
These findings also have important implications for studies focusing on the effect of testosterone on other brain structures (e.g., the song system in songbirds; the sexually dimorphic nucleus in the rat hypothalamus). T treatment can increase the volumes of the steroid-sensitive nuclei, but at the same time decrease the volumes of other brain regions. This means that one has to be cautious when "standardizing" the nuclei of interest by dividing them by (or statistically controlling them for) the volumes of so-called control regions. If the effect of T reported in this study had been a histological artifact such as differential shrinkage between treatment groups, affecting the whole brain equally (including the nuclei of interest), then this "standardization" procedure would be warranted. If, however, as I suggest, T has the (direct or indirect) effect of decreasing the neural tissue in certain brain regions (but not those of interest), then dividing the nuclei of interest by these control regions will exaggerate or even falsely show changes in the former.
One should always report both the results of the analysis on the raw data (both of the nuclei of interest and of the control regions), as well as on the "standardized" volumes (as done, for example, by Brenowitz et al., 1998) . In cases in which the control regions differ significantly (or even nonsignificantly) between the two groups, and in the opposite direction from the regions of interest, they should not be used as a "standard" as described above. Rather, the results should be reported as proof that the changes found in the areas of interest are not general to the whole brain, since other regions vary in a different pattern. This accomplishes the task of a control region just as well, if not better, and it does not distort the actual results.
Conclusions
A quantitative review of the literature shows that there are overall changes taking place in the brains of adult male songbirds across the year and with artificial testosterone treatment. Under natural conditions, brains tend to be larger during the breeding season than during the nonbreeding season. Artificial elevations of T levels, however, seem to decrease the volumes of these same brain areas. These patterns now require careful direct experimental testing, both to verify the patterns (using experimental designs with high statistical power) and to elucidate the possible underlying mechanisms.
These results lead to three important cautionary insights for researchers in the field of behavioral neuroendocrinology. First of all, artificial hormone treatments are not necessarily a good mimic of natural hormone changes, however well we think we know the system. Second, care should be taken when interpreting the outcomes of behavioral experiments in which birds were implanted with exogenous testosterone, since the behavioral implications of changes in nontargeted brain regions are not known. Finally, these brain regions should not be used as statistical controls or "standards" when investigating the effects of testosterone on other brain nuclei, such as the song system, since they may distort the actual data.
